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The latest ATLAS results for processes with a top quark pair and an asso-
ciated vector boson are presented here. The measurement of the production
cross sections for these processes is important for the direct determination of
the top quark couplings to gauge bosons and for constraints on new physics
models, in particular for models which go beyond the Standard Model re-
garding the mechanism for the mass generation.
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1 Introduction
The productions of a boson (X = γ, W or Z) in association with a top quark pair (re-
ferred to as ttγ, ttW and ttZ) are some of the main highlights of the physics programme
of the LHC Run 2. The large center-of-mass energy available allows for the copious
production of top quarks pairs in association with other particles at high transverse mo-
mentum enabling precise Standard Model (SM) measurements as well as probing many
Beyond SM models that enhance rates for tt + X production. Measurements of the ttγ
and ttZ processes allow for direct determination of the top quark couplings to bosons
(top quark electric charge and weak isospin, respectively), while the ttW process is a SM
source of same-sign dilepton events, which are the signature of many models of physics
Beyond the SM. This report presents the latest experimental results from the ATLAS ex-
periment [1] made since the Top2015 conference regarding these processes. In particular,
the ttW and ttZ cross section measurements at
√
s =13 TeV [2] using the 2015 dataset
are presented. Other results for these processes at the LHC at 8 or 13 TeV are docu-
mented in Refs. [3, 5]. Fig. 1 shows some leading-order Feynman diagrams for ttZ and
Figure 1: Example of leading-order Feynman diagrams for ttZ and ttW production.
ttW production at the LHC. Depending on the decays of the top quarks, the W and the
Z bosons, between zero and four prompt isolated leptons may be produced and thus dif-
ferent channels can be deVned. So far, experimental analyses have focused on Vnal states
with two (same-sign or opposite-sign charge), three and four leptons. The opposite-sign
dilepton, trilepton and tetralepton channels are mostly sensitive to ttZ production, while
the same-sign (SS) dilepton channel targets ttW production. In order to enhance the
sensitivity to the signal, each channel is further divided into multiple regions: “signal
regions” (SR) where the ttZ /ttW processes give the dominant contribution and “control
regions” (CR) where other better known SM processes are dominant. A simultaneous
Vt is performed to all signal and control regions in order to extract cross sections for
1
ttZ and ttW production. Additionally, validation regions are deVned to check that the
background estimate agrees with the data, but are not used in the Vt.
2 ttZ and ttW cross section measurements at 13 TeV
The latest cross section calculation at next-to-leading order (NLO) in QCD+EW for proton-
proton collisions at a center-of-mass energy of
√
s = 13 TeV predicts [6]:
σ(ttZ) = 839.3+9.6%−11.3%(scale)± 2.8%(PDF)± 2.8%(αS) fb and
σ(ttW ) = 600.8+12.9%−11.5%(scale)± 2.0%(PDF)± 2.7%(αS) fb.
It has been calculated with MadGraph5_aMC@NLO program [7, 8] using PDF4LHC15
PDF set and Vxed QCD scales µ0 = µR = µF = mtop + mV/2 (with V =Z ,W ).
For the Vrst ATLAS 13 TeV results, a subset of the sensitive signal regions in the Run 1
analysis [3] is used (two same-sign muons, three and four leptons) and data collected
in 2015 which corresponds to an integrated luminosity of 3.2 fb−1 (with an uncertainty
of 2.1%) are used. Only events collected using single-electron or single-muon triggers
are accepted. Since they are almost fully eXcient for leptons with pT >25 GeV passing
oYine selections, this requirement is applied to (at least) the leading reconstructed lepton
in all the channels. Events must also have at least one reconstructed primary vertex. The
three channels are further split and the full selection requirements for each of them are
summarised in Table 1.
Monte Carlo simulation samples are used to model the expected signal and back-
ground distributions in the diUerent analysis regions. Background events containing
prompt leptons are modelled by simulation. The normalisations for the WZ and ZZ
processes, main backgrounds in the channels with three and four prompt leptons, are
taken from data control regions and included in the Vt. The yields in these control re-
gions are extrapolated to the signal regions. In the control region deVned in the three
lepton channel (3`-WZ-CR), exactly three leptons are required, at least one pair of which
must be an opposite-sign same-Wavour pair with an invariant mass within 10 GeV of the
Z boson mass and there must be exactly three jets, none of which pass the b-tagging
requirement. Similarly, the four lepton channel control region (4`-ZZ-CR) is deVned to
have exactly four reconstructed leptons, two opposite-sign same-Wavour pairs with an in-
variant mass within 10 GeV of the Z boson mass andEmissT <40 GeV. Background sources
involving one or more fake leptons are modelled using data events from control regions.
For the same-sign dimuon and the trilepton analyses, the fake lepton background is esti-
mated using the matrix method [9]. The control regions are deVned in dilepton events,
separately for b-tagged and b-vetoed events to take into account whether the source of
the fake lepton is a light- or a heavy-Wavour jet. The lepton eXciencies are extracted
in a likelihood Vt assuming Poisson statistics and that events with two fake leptons are
negligible. The real lepton eXciencies are measured in inclusive opposite-sign events,
2
Table 1: Selection requirements in the signal regions deVned in the two same-sign muons
(top), trilepton (middle) and tetralepton (bottom) channels [2]. For the latter, all sublead-
ing leptons are required to satisfy pT >7 GeV and the invariant mass of any OS lepton
pair must be larger than 10 GeV.
Region Leptons pT EmissT HT,leptons+jets nb−tags
2µ-SS ≥ 25 GeV ≥ 40 GeV ≥ 140 GeV 1
Variable 3`-Z-1b4j 3`-Z-2b3j 3`-Z-2b4 3`-noZ-2b
Leading lepton pT > 25 GeV
Other leptons pT > 20 GeV
Sum of lepton charges ±1
Z-like OSSF pair |m`` −mZ | < 10 GeV |m`` −mZ | > 10 GeV
njets ≥ 4 3 ≥ 4 ≥ 2 and ≤ 4
nb−tags 1 ≥ 2 ≥ 2 ≥ 2
Region Second lepton pair (Z2) pT,3 + pT,4 |mZ2 −mZ | EmissT nb−tags
4`-DF-1b e±µ∓ > 35 GeV - - 1
4`-DF-2b e±µ∓ - - - ≥ 2
4`-SF-1b e±e∓, µ±µ∓ > 25 GeV
{
> 10 GeV
< 10 GeV
> 40 GeV
> 80 GeV
}
1
4`-SF-2b e±e∓, µ±µ∓ -
{
> 10 GeV
< 10 GeV
-
> 40 GeV
}
≥ 2
and fake lepton eXciencies in events with same-sign leptons and EmissT >40 GeV (for b-
tagged events EmissT >20 GeV), after subtracting the estimated contribution from events
with misidentiVcation of the charge of a lepton, and excluding the same-sign dimuon sig-
nal region. For the four leptons channel, the contribution from backgrounds containing
fake leptons is estimated from simulation and corrected with scale factors determined in
control regions. The dominant background in the 2µ-SS and 3`-noZ-2b regions arises
from events containing fake leptons. In order to check that this background is properly
estimated, validation regions are deVned based on the signal regions selection but relax-
ing some of the cuts. Fig. 2 shows some distributions in the 2µ-SS validation region, and
the WZ control region and signal regions deVned in the three channels. The expected
event yields for signal and backgrounds, and the observed data in all control and signal
regions used in the Vt are shown in Table 2.
The ttZ and ttW cross sections are determined using a binned maximum proVle
likelihood Vt, where systematic uncertainties are allowed to vary as nuisance parameters.
None of the uncertainties are found to be signiVcantly constrained or pulled from their
initial values. The results of the Vt are σttZ = 0.92 ± 0.29 (stat) ± 0.10 (syst) pb and
σttW = 1.50± 0.72 (stat)± 0.33 (syst) pb with a correlation coeXcient of −0.13 and are
3
Table 2: Expected and observed event yields [2]. The quoted uncertainties in the former
represent systematic uncertainties. The tZ , WtZ , ttH , three and four top quark pro-
cesses are denoted as t+X . The processesWZ , ZZ , H → ZZ (ggF and VBF), HW and
HZ , as well as electroweak processes involving the vector boson scattering diagram, are
denoted as ‘Bosons’.
Region t+X Bosons Fake leptons Total bkg. ttW ttZ Data
3`-WZ-CR 0.52± 0.13 26.9± 2.2 2.2± 1.8 29.5± 2.8 0.015± 0.004 0.80± 0.13 33
4`-ZZ-CR < 0.001 39.5± 2.6 1.8± 0.6 41.2± 2.7 < 0.001 0.026± 0.007 39
2µ-SS 0.94± 0.08 0.12± 0.05 1.5± 1.3 2.5± 1.3 2.32± 0.33 0.70± 0.10 9
3`-Z-2b4j 1.08± 0.25 0.5± 0.4 < 0.001 1.6± 0.5 0.065± 0.013 5.5± 0.7 8
3`-Z-1b4j 1.14± 0.24 3.3± 2.2 2.2± 1.7 6.7± 2.8 0.036± 0.011 4.3± 0.6 7
3`-Z-2b3j 0.58± 0.19 0.22± 0.18 < 0.001 0.80± 0.26 0.083± 0.014 1.93± 0.28 4
3`-noZ-2b 0.95± 0.11 0.14± 0.12 3.6± 2.2 4.7± 2.2 1.59± 0.28 1.45± 0.20 10
4`-SF-1b 0.212± 0.032 0.09± 0.07 0.113± 0.022 0.42± 0.08 < 0.001 0.66± 0.09 1
4`-SF-2b 0.121± 0.021 0.07± 0.06 0.062± 0.012 0.25± 0.07 < 0.001 0.63± 0.09 1
4`-DF-1b 0.25± 0.04 0.0131± 0.0032 0.114± 0.019 0.37± 0.04 < 0.001 0.75± 0.10 2
4`-DF-2b 0.16± 0.05 < 0.001 0.063± 0.013 0.23± 0.05 < 0.001 0.64± 0.09 1
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Figure 2: Distribution of the missing transverse momentum in the 2µ-SS validation re-
gion (left), transverse momentum of the third-lepton pT in the 3`-WZ-CR control region
(middle) and number of jets (right) for events in the trilepton signal regions [2]. The
distributions are shown before the Vt. The shaded bands include the total uncertainties.
shown on the left side of Fig. 3. The leading and total uncertainties are listed on the right
side. For both processes, the precision of the measurement is dominated by statistical
uncertainties. The observed (expected) signiVcances are 3.9σ (3.4σ) and 2.2σ (1.0σ) over
the background-only hypothesis for the ttZ and ttW processes, respectively.
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Figure 3: Result of the simultaneous Vt to the ttZ and ttW cross sections along with
the 68% and 95% conVdence level (CL) contours (left) and breakdown of uncertainties
(right) [2]. The shaded areas in the left plot correspond to the theoretical uncertainties in
the SM predictions, and include QCD scales and PDF uncertainties.
3 Conclusions
The increase of energy at the LHC Run 2 allows to measure tt +X processes with large
statistics and reaching kinematic regions never tested before. Here, the Vrst measure-
ment of ttZ and ttW production cross sections at 13 TeV performed by the ATLAS Col-
laboration using 3.2 fb−1 of data is presented. The result has a relative uncertainty of
O(30%−50%) and is limited by the statistical uncertainty, which can be vastly improved
with the higher integrated luminosity now available (35 fb−1).
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